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The restriction endonuclease Cac824I has been shown to be a major barrier to electrotransformation of
Clostridium acetobutylicum ATCC 824 (L. D. Mermelstein, N. E. Welker, G. N. Bennett, and E. T.
Papoutsakis, Bio/Technology 10:190-195, 1992). Methylation by the +3T I methyltransferase encoded by
BaciUus subtilis phage +3T was shown to protect plasmid DNA from restriction by Cac824I. Expression in
Escherichia coli of the .43tI gene (which encodes the +3T I methyltransferase) from pAN1, which replicates via
the pl5A origin of replication, was sufficient to completely methylate coresident E. coli-C. acetobutylicum
shuttle vectors with ColEl origins of replication. Three shuttle vectors (pIMP1, pSYL2, and pSYL7)
methylated in this manner were used to efficiently electrotransform strain ATCC 824. These vectors could not
be introduced into strain ATCC 824 when unmethylated because the E. coli portions of the plasmids contain
a large number of Cac824I sites. This method obviates the need to use B. subtilis-C. acetobutylicum shuttle
vectors with few Cac824I sites to introduce DNA into C. acetobutylicum ATCC 824.

In the last few years, considerable effort has been directed
toward the development of techniques for the genetic ma-
nipulation of the solvent (butanol, acetone, and ethanol)-
producing bacterium Clostridium acetobutylicum. It is ex-
pected that the application of such techniques will lead to a
more fundamental understanding of the genetic regulation of
solventogenesis and to metabolically altered strains with
superior solvent-producing abilities. To this end, transfor-
mation methods and vectors have been developed for sev-
eral strains (16, 20, 25). Also, a number of solvent formation
genes have been cloned and expressed in Escherichia coli
(21), and methods of RNA isolation and characterization
recently have been developed and applied to the character-
ization of some of the corresponding transcripts (8, 26). It
may be possible to use cloned genes and a vector-transfor-
mation system to alter the fermentative characteristics of an
organism and determine rate-limiting enzyme activities by (i)
the expression of cloned solventogenic genes from multi-
copy vectors; (ii) the reduction of the rate of translation of
chromosomal copies of cloned genes by the formation of
plasmid-encoded antisense mRNA; and (iii) the mutation of
chromosomal copies of cloned genes by recombination with
plasmids containing homologous sequences. Also, plasmid-
borne reporter genes under the control of regulatory regions
of cloned clostridial solventogenic genes may be introduced
into C. acetobutylicum. The expression profiles of the re-

porter genes may help elucidate the transcriptional regula-
tion mechanisms of the solventogenic genes.

Physiological studies of transcriptional regulation and
rate-limiting enzyme activities with cloned clostridial genes
should be carried out with the strain from which the genes
were cloned. The majority of solvent formation genes have
been cloned from strain ATCC 824. ATCC 824 is also the
best-characterized strain physiologically and the only strain
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in which the expression of plasmid-borne solvent formation
genes has been reported (16). However, there are difficulties
with cloning in and transformation of strain ATCC 824 (16).
We previously showed that strain ATCC 824 contains a

restriction endonuclease, Cac824I, that is a major barrier to
electrotransformation (16). The Cac8241 restriction endonu-
clease recognition sequence, 5'-GCNGC-3', where N can be
any nucleotide, occurs infrequently in C. acetobutylicum
DNA because of the high A + T DNA content of the
organism (72% A + T [10]) but frequently in E. coli plasmids
(16). Cac824I restriction, in general, prevents the transfor-
mation of ATCC 824 with shuttle vectors that function in E.
coli (16). The only reported exceptions are with pMU1328,
which exists in ATCC 824 as a derivative in which the E. coli
DNA has been specifically deleted (16), and with pSYL2
which, in one experiment, transformed ATCC 824 with a low
efficiency but subsequently did not transform the strain (12).
For reduction of the problems with Cac824I restriction, a

Bacillus subtilis-C. acetobutylicum shuttle vector, pFNK1,
was previously constructed and used for the cloning and
expression of homologous genes in strain ATCC 824 (16).
Plasmid pFNK1 contains few Cac824I sites because of its
high A + T DNA content and small size. Transformants
generated with pFNK1 and its derivatives presumably orig-
inate when the plasmid is completely methylated by the
Cac824I methylase before there is any restriction. Cloning
with pFNK1 is, however, technically difficult and time-
consuming compared with what could be accomplished if E.
coli shuttle vectors could be efficiently introduced into strain
ATCC 824. We therefore sought a means by which this could
be accomplished.
No methyltransferase that could be used to protect DNA

from restriction by the Cac8241 restriction endonuclease is
commercially available. An in vivo methylation strategy has
been reported by De Feyter and Gabriel (5); in this strategy,
a methyltransferase cloned on a plasmid is used to increase
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TABLE 1. Bacterial strains and plasmids

Strain or Relevant Reference
plasmid characteristicse or source

Strains
C. acetobutylicum Contains Cac8241 ATCCb
ATCC 824

E. coli ER2275 hsdR mcr recAl NEBC

Plasmids
pACYC184 Tcr Cmr; p15A origin 3
pUC19 Apr; ColEl origin 29
pIMPld Apr MLSr; ColEl origin 16
pSYL2d Tcr MLSr; ColEl origin 12
pSYL7d Tcr MLSr; ColEl origin 11
pFNK3d MLS' adc 16
pBN16 Apr Cmr 43tI; ColEl origin 18
pBN18 Apr Cmr pllB; ColEl origin 18
pANl Cmr 43t1; pl5A origin This study

a hsdR, host-specific restriction deficient; mcr, methylcytosine-specific
restriction abolished; recAl, homologous recombination abolished; TCr, tet-
racycline resistant; Apr, ampicillin resistant; adc, ATCC 824 acetoacetate
decarboxylase gene; p1JB:pllb methyltransferase gene.

b American Type Culture Collection, Rockville, Md.
New England Biolabs.

d The source of the gram-positive origin of replication for this shuttle
plasmid is given in Table 2.

the frequency of transfer of a coresident, compatible plasmid
from E. coli into a restrictive Xanthomonas campestris
strain. This strategy may be easily used to improve the
transformation efficiencies of restrictive strains if an appro-
priate methyltransferase gene can be expressed in E. coli. It
is therefore an alternative to the isolation of nonrestrictive
mutants. The use of chemical mutagenesis to generate non-
restrictive mutants may result in additional, undesirable
mutations and may yield strains that are more susceptible to
phage infection (a problem that has plagued industrial C.
acetobutylicum fermentations [10]). Several mutants of
ATCC 824 that are deficient in solventogenic enzyme activ-
ities and may therefore be useful in complementation studies
exist (4, 7). Mutation of each of these strains to generate
nonrestrictive derivatives would be tedious.

Several methyltransferase genes that modify the Cac8241
recognition sequence have been cloned from B. subtilis
phages and expressed in E. coli (18, 27). In this study, we
demonstrate that the +3T I methyltransferase from B. sub-
tilis phage 43T protects DNA from cleavage by Cac8241. We
also demonstrate that when the 43T I methyltransferase
gene (43tl) is expressed from a compatible plasmid, coresi-
dent E. coli-C. acetobutylicum shuttle vectors are com-
pletely protected from Cac8241 restriction and can be effi-
ciently introduced into C. acetobutylicum ATCC 824 by
electrotransformation. These plasmids are unable to electro-
transform ATCC 824 when unmethylated.

MATERUILS AND METHODS

Bacterial strains, plasmids, media, and transformation
methods. The bacterial strains and plasmids used in this
study are listed in Table 1. C. acetobutylicum was main-
tained as spores in corn mash glucose medium (23) or on
reinforced clostridial agar (Difco Laboratories, Detroit,
Mich.) plates as previously described (16). C. acetobutyli-
cum was grown in reinforced clostridial medium (Difco) at
pH 5.2 and 37°C in an anaerobic system (model 1024; Forma
Scientific, Marietta, Ohio). Spores were activated by heat

treatment at 70 to 80°C for 10 min. E. coli was grown in
Luria-Bertani medium. Media were supplemented with an-
tibiotics as required in the following concentrations: for C.
acetobutylicum, erythromycin (100 jig/ml); for E. coli, eryth-
romycin (250 ,ug/ml), ampicillin (30 p.g/ml), and chloram-
phenicol (35 jig/ml). Previously published methods were
used for the electrotransformation of E. coli (6) and C.
acetobutylicum (16). For electrotransformation of C. aceto-
butylicum, 50 ng of methylated shuttle vector was used. For
electrotransformation of unmethylated plasmids, 5 pg of
DNA was used. Dilutions were made (when necessary) to
obtain 50 to 300 colonies per plate for enumeration. Eryth-
romycin was used to select for the presence of macrolide-
lincosamide-streptogramin B resistance (MLSr) genes.
DNA isolation and manipulation. Previously published

methods were used to purify plasmid DNA from C. aceto-
butylicum (16) and E. coli (2). An mcr mutant strain of E. coli
was used for the preparation of plasmids or plasmid mixtures
that contained the 43tI gene because E. coli K-12 (and many
common E. coli cloning strains) contains a restriction system
that cleaves DNA methylated at either of the 43T I methyl-
transferase target cytosines (22). Stationary-phase cells were
used for plasmid preparation to minimize the possibility of
partial methylation of a plasmid that might result from newly
synthesized DNA. A pZ523 spin column (5 prime to 3 prime
Inc., Boulder, Colo.) was used for the large-scale prepara-
tion of plasmids that were used to electrotransform C.
acetobutylicum. DNA concentrations were determined by
comparison against standards in agarose gel electrophoresis.
Restriction enzymes other than Cac8241 were purchased
from New England Biolabs (Beverly, Mass.) and used in
accordance with the supplier's recommendations.

Construction of pAN1. The 43tI gene was previously
cloned in pBR328 as a 2.8-kb partial HindlIl fragment
(containing one internal HindIlI site) to generate plasmid
pBN16 (18). Plasmid pBN16 was partially digested with
HindIlI and ligated to HindIII-linearized pACYC184 (4.2
kb). Chloramphenicol-resistant transformant colonies gener-
ated with this ligation mixture were pooled, and plasmids
were prepared from them. A sample of this plasmid mixture
was digested with Fnu4HI (an isoschizomer of Cac8241 that
does not cleave 4+3T 1-methylated DNA [15]) to restrict
plasmids that did not contain an intact (expressed) 43tI gene
(14). The digestion product was purified and used to trans-
form ER2275(pUC19). Ampicillin- and chloramphenicol-re-
sistant transformants were selected to enrich the Fnu4HI
digestion product for plasmids that were compatible with
pUC19 and therefore contained the plSA replicon from
pACYC184. Most of the resulting transformants contained
pUC19 and a coresident plasmid with the 43tI gene cloned
into pACYC184. One such methyltransferase-containing
plasmid, pAN1, with the orientation of fragments shown in
Fig. 1, was chosen for further study.

Digestions with extracts containing Cac8241 activity. Proto-
plast extracts containing Cac8241 activity were prepared
from C. acetobutylicum ATCC 824 and stored as previously
described (16). Digestions with protoplast extracts were
done at 37°C in a buffer containing 10 mM MgCl2 (pH
7.5)-150 mM NaCl. One unit of activity was defined as the
amount of extract that would completely digest 1 ,ug of
pMU1328 DNA (prepared from E. coli) in a 20-,ul volume in
1 h, as determined by agarose gel electrophoresis. Plasmid
pMU1328 generates a characteristic, well-resolved banding
pattern because of the presence of A + T-rich DNA; this
pattern can be used to easily distinguish among specific,
nonspecific, and partial Cac8241 digestions (16). Cac8241
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FIG. 1. Schematic representation of plasmid pAN1, used for the

in vivo methylation of ColEl plasmids. Arrows designate structural
genes and their transcriptional directions. B. subtilis phage 43T
DNA is indicated by the shaded region. DNA derived from pA-
CYC184 is indicated by the unshaded region. The pl5A origin of
replication (ORI), chloramphenicol resistance gene (Cmr), and 43tI
gene are also indicated.

digestion of plasmids, such as pUC19, that do not contain
A + T-rich DNA generates many fragments smaller than 0.5
kb, which are difficult to resolve by conventional agarose gel
electrophoresis.

RESULTS

Resistance of+3T 1-methylated DNA to Cac8241 restriction.
The 43T I methyltransferase enzyme has two target recog-
nition domains, one of which recognizes the sequence 5'-
GGCC-3' and another of which recognizes the sequence
5'-GCNGC-3' (24). The product of the methyltransferase-
catalyzed reaction is a 5-methylcytosine at the internal
cytosine of each of these recognition sequences. The residue
that is methylated in C. acetobutylicum to protect against
Cac824I restriction has not been determined. However,
since the Cac824I recognition sequence does not necessarily
contain any adenine residues and bacterial DNA methyl-
transferases modify adenine or cytosine residues, we pre-
dicted that methylation at one of the two cytosine residues in
the recognition sequence would block Cac824I restriction.
Furthermore, strain ATCC 824 genomic DNA is resistant to
cleavage by the Cac8241 isoschizomer Fnu4HI (16), and
methylation at either of the cytosines in the Cac824I recog-
nition sequence is sufficient to block cleavage by Fnu4HI
(15).
The 43tI gene is well expressed in E. coli from plasmid

pBN16 by use of its natural promoter (18). The plasmid is
therefore methylated and could be used to determine the
susceptibility of 43T I-methylated DNA to Cac8241 cleav-
age. Plasmids pBN16, pUC19, and pACYC184 (100 ng) were
overdigested with an ATCC 824 protoplast extract contain-
ing approximately 10 U of Cac824I activity. The products
were analyzed by agarose gel electrophoresis along with
undigested control samples of each plasmid. Plasmid pBN16
was found to be completely resistant to Cac8241 digestion,
whereas the unmethylated control plasmids pUC19 and

2.3
2.0

0.56

FIG. 2. Comparison of plasmid DNA digests electrophoresed on
0.8% agarose and stained with ethidium bromide. Lanes: 1, pIMP1
linearized with EcoRI; 2, pIMP1 digested with EcoRI and Cac824I;
3, pIMP1 and pAN1 linearized with EcoRI; 3, pIMP1 and pAN1
digested with EcoRI and Cac8241. The majority of the fragments in
lane 2 are too small to be visible. Plasmid mixtures used in lanes 3
and 4 were purified from a single E. coli strain containing both
plasmids. Size standards, indicated at left in kilobase pairs, were
lambda DNAs digested with HindlIl.

pACYC184 were digested into many small (<0.5-kb) frag-
ments (results not shown). Therefore, methylation at the
internal cytosine in the Cac824I recognition sequence pre-
vents Cac824I restriction, and the 43t1 gene is sufficiently
well expressed in E. coli to completely methylate plasmid
DNA in vivo. We therefore reasoned that a coresident
shuttle vector would also be protected against Cac8241
restriction. Plasmid pBN18, which contains the gene for the
Pllb methyltransferase (which also methylates the se-
quences 5'-GCNGC-3' and 5'-GGCC-3') from B. subtilis
phage pll, was also resistant to Cac8241 cleavage but was
not used further in this study.

Protection of coresident shuttle vectors from Cac824I re-
striction by growth in the presence of pAN1. The potential E.
coli-C. acetobutylicum ATCC 824 shuttle vectors that we
wished to introduce into C. acetobutylicum ATCC 824
(pIMP1, pSYL2, and pSYL7) replicate in E. coli via the
ColEl origin. The +3tI gene was previously cloned into
ColEl plasmid pBR328 (18). Therefore, for in vivo methyl-
ation of the shuttle vectors, the 43tI gene was cloned into a
compatible plasmid. The resulting plasmid, pAN1 (Fig. 1),
was constructed by inserting the 43tI gene into plasmid
pACYC184, which replicates via the pl5A origin and is
compatible with ColEl plasmids. Plasmid pAN1 also con-
tains the pACYC184 chloramphenicol resistance gene, a
selectable marker distinct from those used in the E. coli-C.
acetobutylicum shuttle vectors. Therefore, it is possible to
maintain selective pressure for the presence of both the
shuttle vectors and pAN1 in E. coli. As was the case for
pBN16, pAN1 was completely resistant to Cac824I cleavage
(results not shown). Plasmid mixtures were purified from E.
coli that had been transformed with both pAN1 and one of
three potential E. coli-C. acetobutylicum shuttle vectors,
pIMP1, pSYL2, and pSYL7. Each of these plasmid mixtures
was found to be completely resistant to Cac824I restriction,
as shown for pIMP1 in Fig. 2.

Electrotransformation of methylated shuttle vectors into
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TABLE 2. Electrotransformation efficiencies and characteristics of shuttle plasmids

Plasmid Size (kb) No. of Cac8241 Gram-positive origin Source of M gene No. of transformants/,ug
sites of replication of DNAM

pIMPl 4.8 20b B. subtilis pIM13 B. subtilis pIM13 5.0 x 105
pIMP1 4.8 20C B. subtilis pIM13 B. subtilis pIM13 <0.2
pSYL2 8.7 37" Clostridium butyricum pCBU2 Enterococcus faecalis pAM,B1 2.7 x 105
pSYL7 9.2 38b C. perfringens pJU122 E. faecalis pAM,B1 6.0 x 104
pFNK3d 4.5 2e B. subtilis pIM13 B. subtilis pIM13 1.7 x 105
pFNK3d 4.5 2c B. subtilis pIM13 B. subtilis pIM13 1.6 x 101

a Determined with average accuracies of ±20% for pIMP1, pSYL2, and pSYL7, ±15% for pFNK3 prepared from B. subtilis, and ±50% for pFNK3 prepared
from C. acetobutylicum.

b Protected against Cac8241 restriction by in vivo methylation in E. coli.
c Cac8241 sites not protected against restriction.
d Efficiency data are from reference 16.
e Protected against Cac8241 restriction by purification from strain ATCC 824.

ATCC 824. Plasmid mixtures containing pAN1 and one of
the shuttle vectors, pIMP1, pSYL2, or pSYL7, were used to
electrotransform C. acetobutylicum ATCC 824 to erythro-
mycin resistance. The efficiencies of electrotransformation
and the characteristics of these plasmids are given in Table
2. Methylation plasmid pAN1 cannot transform ATCC 824
because it lacks a proper origin of replication and an antibi-
otic resistance marker. No transformants were obtained with
these shuttle vectors when they were not methylated by the
+3T I methyltransferase, even with as much as 5 ,ug of
plasmid DNA per electrotransformation.
With pIMP1 and pSYL2, ATCC 824 transformants were

visible approximately 18 h after plating. Transformants
obtained with pSYL7, however, took approximately 35 h to
become visible. Plasmid DNA from clostridial transformants
in several independent electrotransformation experiments
was physically mapped. Restriction patterns of plasmids
pIMP1, pSYL2, and pSYL7 purified from ATCC 824 were
identical to those of these plasmids purified from E. coli
(results not shown). The yield of pSYL7 prepared from C.
acetobutylicum was, however, considerably lower than that
of pIMP1 or pSYL2, a result suggesting that this plasmid
exists at a lower copy number. Plasmid DNA prepared from
C. acetobutylicum could also be used to retransform E. coli,
with selection for all antibiotic resistances initially present
on the plasmid. These data suggest that the plasmids did not
undergo deletions or rearrangements in C. acetobutylicum
ATCC 824.

DISCUSSION

In a previous study in which a methyltransferase-contain-
ing plasmid was used to methylate a compatible vector so
that it could be transferred to a restrictive strain, the enzyme
recognized a 6-bp target sequence that only occurred a few
times in the vector (5). In the present study, the method was
shown to work for plasmids that require more extensive
methylation because of the presence of up to 38 Cac8241
recognition sites. The inability to detect any digestion of
methylated plasmids by Cac824I and the efficient electro-
transformation of C. acetobutylicum with these plasmids
suggest that the in vivo methylation method may have broad
applications in circumventing restriction barriers for strains
that are difficult or otherwise undesirable to mutagenize.
Furthermore, methyltransferase genes with a wide variety of
specificities have been cloned and expressed in E. coli (27).
If necessary, an appropriate methyltransferase gene may be
cloned from the restrictive strain. This procedure is usually
straightforward when the method of Mann et al. (14), in

which a plasmid (or cosmid) library is enriched for methyl-
transferase clones prior to transformation of E. coli by
digestion with the corresponding restriction endonuclease
(or an appropriate isoschizomer), is used.

In vivo methylation by the pAN1-encoded methyltrans-
ferase was used to protect E. coli-C. acetobutylicum shuttle
vectors with ColEl origins of replication from Cac824I
restriction but in principle may be used to protect any E. coli
plasmid that is compatible with pl5A-based plasmids. If it is
necessary to methylate a pl5A-based plasmid, pBN16, a
ColEl-based plasmid that contains the 43tI gene, may be
similarly used. In the future, it may be necessary to protect
vectors that cannot replicate in E. coli from Cac8241 restric-
tion. It should be possible to methylate such plasmids in
vitro by use of extracts from strains of B. subtilis or E. coli
in which the N3tI gene is expressed from a strong promoter
(9).
The electrotransformation efficiencies of the +3T I-meth-

ylated E. coli-C. acetobutylicum shuttle vectors are similar
to that of the B. subtilis-C. acetobutylicum ATCC 824 shuttle
plasmid, pFNK3, that was prepared from C. acetobutylicum
ATCC 824 (16). This result confirms that Cac824I is the
primary barrier to the electrotransformation of strain ATCC
824 and suggests that the fortuitous methylation of the
sequence 5'-GGCC-3' by the 43T I methyltransferase did
not have a deleterious effect on transformation efficiency, as
might occur if there were a clostridial methylcytosine-spe-
cific restriction system. We will report shortly the use of this
in vivo methylation method to introduce and express several
primary metabolic genes (including the acetone pathway
genes and butyrate pathway genes) in ATCC 824 (unpub-
lished data).
The three vectors introduced into C. acetobutylicum

ATCC 824 after in vivo methylation have diverse gram-
positive origins of replication. They may therefore also have
diverse stability properties (at a normal or elevated temper-
ature), copy numbers, and host-plasmid interactions that
may be exploited in future applications. A very stable vector
may be used to express cloned genes throughout the course
of a large-scale batch fermentation without the need for the
maintenance of plasmid selective pressure. Unstable vectors
may be useful for the selection of transpositions from
plasmid to chromosome (30) or for the creation of stable null
mutants by double recombination between a chromosomal
gene and a cloned, mutated, plasmid-borne derivative of the
gene (28). A thorough investigation of the properties of the
shuttle plasmids introduced into ATCC 824 should therefore
be undertaken. The only published study to this effect, for C.
acetobutylicum, concerns the stability of shuttle vectors

APPL. ENVIRON. MICROBIOL.



METHYLATION OF C. ACETOBUTYLICUM SHUTTLE VECTORS 1081

with origins of replication from B. subtilis plasmid pIM13
(with the same replicon as that present in pIMP1) or C.
butyricum plasmid pCB101 (1).
The in vivo methylation system may also be useful for

generating gene-specific mutants by Campbell recombina-
tion (17) or developing plasmids for chromosomal integration
(suicide plasmids) (13) in strain ATCC 824. The transforma-
tion efficiencies attained in this study with methylated vec-
tors are approximately those necessary for the selection of
integration events with other organisms (13, 19). The method
described in this study for protecting DNA from Cac8241
restriction upon transformation of C. acetobutylicum ATCC
824 should therefore greatly simplify metabolic engineering
and genetic analysis studies of this organism.
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